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ABSTRACT

Empirical equations are developed to evaluate the
cavitation damage parameters of weight loss, mean depth of
penetration, and percent damaged area, for damage to only
the polished surface and for the entire samples as tested
in the venturi cavitation damage facility at the University
of Michigan.,

Quantitative results are presented of the contour
of the cavitation pitting produced in mercury and compari-
sons are made between damage produced by water and mercury

in the venturi damage facility.
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NOMENCILATURE

Actual diameter of pit crater

*0

Visual diameter of pit crater

=t o O

o0

Actual characteristic length of irregular-shaped cavi-
tation pits
L : Visual characteristic length of irregular-shaped cavi-

tation pits
Actual distance between ridge peaks of a pilt

o

hp¢ Maximum ridge height

Hp¢ Maximum crater depth

¢ Ridge volume of a pit

¢ Crater volume of a pit

¢ Volume loss per pilt

K_: GConstant relating D and DP

K : Constant relating volume loss of a pit, i.e., Vi to D3

K.: Constant relating pitting rate 6n sides of a sample %o
pltting rate on polished surface

D i: Root mean cube diameter for each of the L pit size

categories, 1 = 1,2,3,k4

3
DRMS : Root mean square diameter for each of the L pit size
1
categories, 1 = 1,2,3,4
2
Siﬁ Si = DRMSi




NOMENCLATURE(continued)

ng: Total number of pits 1n plt size category i1 on the
polished surface of a sample, 1 = 1,2,3,4

n : Total number of pits on the polished surface of a
test sample, n = n, + n, + n3 + nu

A_.: Area of the polished surface of a test sample

PS
A_: Total area of a test sample exposed to cavitatlion

T

/): Density of test sample material

VL', WL?, MDP?, PDA': Volume loss, welght loss, mean depth
of penetration, and percent damaged
area, respectively, due to the damage
on only the polished surface of a
test sample

VL, WL, MDP, PDA: Volume loss, welight loss, mean depth of

penetration, and percent damaged area,

respectively,. for an entire test sample

x1



1.0 INTRODUCTION

The primary object of the work reported in this pa-
per was the development of a group of equations to evaluate
such cavitation damage parameters as weight loss, mean depth
of penetration, and percent damaged area, for samples tested
in the venturi cavitation damage facility of the University
of Michigan's Nuclear Engineering Department. The equations
were developed in such a manner that they could be evaluated
from only a knowledge of:

(1) the number and size of cavitation pits

occurring on the polished surface of a
test sample, and

(2) some constant terms to be determined

experimentally from individual pit
profiles, pit size distributions, and
rates of pitting,

A secondary, but very important object of the work
reported herein was to gather as much information as possible
about the general shape of the cavitation pits obtained on

the materials tested in the venturi cavitation damage test

facility,

TEST FACILITY., The test facility, mode of testing, and

sample geometry have been previously discussed(6’7)*. How~

#Numbers in parenthesls refer to references at end
of report,



ever, those details which are pertinent to the present re-
port are repeated here for convenilence.

The test facility (Figure 1) consists of a closed
loop through which the cavitating fluid is circulated by a
centrifugal pump. The loop includes a plexiglas venturi test
section (Figure 2) that has a 6° included angle nozzle and
diffuser, separated by a cylindrical throat of 0,5l1-in, dia-
meter and 2.35-in. length. A cavitation field is produced
that originates at the end of the cylindrical throat and
which can be caused to visually terminate at any point along
the diffuser., Set cavitation conditions (Visible Initiation,
Standard, etc.), according to various termination points of
the cavitation field, are indicated on Figure 2.

Two damage sSpecimens are inserted in the cavita-
tion fileld through the wall of the venturi as shown in Fig-
ure 2., The sample geometry is shown in Figures 3 and L.

The "polished surface" of a test specimen has a very highly
polished finish of about 2 microinches (rms). The sides of
a test specimen have a rougher machined finish of about 20

to 25 microinches (rms). Although the sides receive consid-
erable damage, for reasons of time required, detalled obser-

vations are only made of the "polished surface".

BACKGROUND INFORMATION. The material necessary to be-
gin the research reported herein was obtained from a previ-
ous project report by Walsh(ls). Walsh traced the surfgce

of three stalnless steel samples, which had been tested in
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Figure 3. Schematic drawing of test specimen.

Figure 4, Macrograph of test specimen. The upper
shadowed surface is the polished surface.



the cavitation facility with water as the cavitating fluid,
with a linear proficorder®™, He assumed the shape of a cav-
itation pit to be as shown in Figure 5, and for purposes of
calculating the weight loss of a sample, he assumed the gen-
eral shape of Figure 6., From the proficorder traces he tab-
ulated the values of H , h

b, D d, and then estimated

m’ p’

hav and Hgy. According to his results, the relations be-
tween these parameters are best expressed as shown in

Taeble I.

TABLE I

WALSH CAVITATION PIT PROFILE PARAMETERS

H = (1/13)D Hy, = (2/3)H,
h, =0.54 H_ h,, = (1/3)h
d =0.56 D Dy = (5/L)D

With these values and the assumed pit shape of Fig-

ure 6, Walsh proceeded to calculate the volume of material
above and below the initial surface, in terms of D3, and then
assumed the volume loss per pit to be equal to the differencs
between the volume below and above the initial surface., He
then obtalned the welght loss per plt by merely multiplying
the volume loss by the sample density. Summing the weight

losses of each pilt over an entire sample then gave the total

welght loss of the sample, Walsh subdivided the pits into

#A linear proficorder 1s a mechanical-electronic
instrument which provides a very precise, permanent, mag-
nified chart of the surface contour over which it traces,
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three size ranges and found an average value of plt diameter
for each range, which then allowed the evaluation of the
wéight loss of a sample from the product of the average pit

diameter and number of pits for each pit size range.

MOTIVATION FOR INVESTIGATION. A discrepancy was found
between the results predicted by Walsh's equation and act-
ual weight loss measurements from an ifradiated tracer test
(6’7’17). Because of this discrepancy and the fact that
Walsh's work was based on the limited amount of damage test
data évailable at that time, a more detailed study was de-
siregble, It would also be meaningful to obtain empirical
relations for Mean Depth of Penetration (i.e., volume loss
per unit area) and Percent Damaged Area of a test specimen
in addition to a Weight Loss equation, and to determine
whether the pitting produced when water is the cavitating
fluid (as was the case for Walsh's work) 1s similar to the
pltting obtained for mercury as fhe cavitating fluid (from
which the majority of the present data is drawn)., For
these reasons, the investigations reported herein were un-
dertaken,

In the following sections, the desired equations
are developed; the experimental results are summarized and
discussed, and applied to determine suitable values for the
empirical constants of the derived equations to put them into
a working form; sample calculations are made with the equa-

tions and some restrictions are placed on their use,




2.0 DERIVATION OF EQUATIONS

In this section, six equations will be derived,
three to determine the weight loss, mean depth of penetra-
tion and percent damaged area due to damage to only the pol-
ished surface of a cavitation damage specimen, and three to
determine the total values of weight loss, mean depth of
penetration, and percent damaged area of a damage specimen.

The primary object will be to develop all six equa-
tions in such a manner that they may be evaluated from only
a knowledge of the number and size of pits occurring on the

polished surface of a test sample.

2.1 Weight Loss

Consider first a single cavitation pit, with the
following detalled symbol definitions:
D : Actual plt diameter as measured along
the initial reference surface of a sam-
ple.

Dp: Pit diameter as seen visually thru a mi-
croscope or from a photograph.

4k Crater volume of a pit, i.e., volume of
the pit below the initial reference sur-
face,

VR? Ridge volume of a plt, i.e., volume of the
plit above the initial reference surface,

vy: Actual volume loss per pit.



McHugh(ll) made a detailed study of artificial pits
made with a hardness indenter, and found that the volume of
material raised above the initial reference surface, i,e.,
ridge volume, was equal to the volume of material displaced
from below the initial reference surface, i.e., crater vol=-
ume, Thus we can conclude that the materials tested, which
were the same as the cavitation sample materials, are essen-
tlally incompressible under this type of deformation. It can
also be concluded that for cavitation pits, if there is an
actual metal removal from the sample, it must be equal to the
difference between the crater and ridge volumes of a pit,i.e.:

v (2.,1-1)

L™ V% " 'r

It 1s assumed to simplify the following derivation
that all cavitation plits are approximately geometrically sim-
ilar., Thus the volume loss per plt can be expressed in terms
of the cube of a single characterlistic dimension, in this

case the actual pit diameter, D. Thus:

VLCXIP
3

or vL = KD

where K is a constant to be determined experimentally,

From past experience, 1t 1s known that the pit
dlameter as seen visually through a microscope, DP’ differs
from the actual plt diameter, D(which can be determined from
a proficorder trace). Thus:

D =KD (2.1-2)

PP

where KP 1s also a constant to be determined experimentally,

The volume loss per pit now becomes:

10




_ 3
v, = K(KPDP)

(2.1-3)

or v. = KK°D

3.3
L PP

Next, consider n pits on the polished surface of a

test sample, The volume loss due to these n pits is:

)¢ n 3 3
' —_— —
VL = ZvLj_ = ) (KKPDP)i
=1 i=
or vL' = KK; Df, (2.1-L)
{=1 *1

The n pits occurring on the polished surface of a
sample are subdivided arbitrarily into four size categories,

where the range of each category will be defined in section

3.3. To eliminate the necessity of computing Dgi' for each

(18)

individual pit, Walsh suggested the computation of an

experimentally determined root mean cube (RMCy) pit diameter
for each of the four pit size categories, Then summation Dgi
can be evaluated from only a knowledge of the number of pits,

ni, in each pit size category. Thus:

3 3 3 3 3
szi = n1(Daye,y ) + Po(Pryg,! + D3(0Rig,) + 7y Dy )

Let Cy = DgMCi « Then the above equation becomes:
> 3
Dp

= C C., + C
L n + n.C.+ n3 3 nu I

171 22

The volume loss due to n pits on the polished sur-

face of a sample thus becomes:

vi' = KK?,(nlcl-t- n2C2 C + nLL u (2.1-5)

Since material 1s not only removed from the polish-

11



ed surface of a test sample, but also from the sides of the
sample, to determine the total volume loss per sample from

only a knowledge of the pitting on the polished surface re-

quires an additional factor relating the intensity of pitting

on the sides of a sample to that on the polished surface.

Thus let:

KS be a constant, determined experimentally,
which when multiplied times the number of
pits occurring on the polished surface of
a sample gives the total number of pits
occurring on the entire sample,

The total volume loss per sample thus becomes:
VL = KKBK (n,C, + n,C, +n 3C3 + n C.) (2.1-6)
Prsttiva 2v2 uu .

To obtain the desired weight loss equations, it 1s
necessary only to multiply the volume loss equations by the
specimen density,p°

Thus from equation (2.1-5) the weight loss due to

the plts occurring on the polished surface only 1is:

= IoVL'

1
or WL -[jKKP(nlcl + n2C2-+ n C + nhch (2.1-7)

Similarly, from equation (2.1~6) the total weight loss of a

damaged sample becomes:

3

WL = OKK K (nl 1+ 0,0, + nBC + n}_L h (2,1-8)

2.2 Mean Depth of Penetration

Equations for the mean depth of penetration (i.e.,

volume loss per unit area) considering only the polished

12




surface of a test sample (MDPT), and for an entire sample
(MDP) can be obtained from the volume loss expressions de-
veloped in the previous section, The following symbols are
now defined,

APS: Area of the polished surface of a
standard damage specimen.

AT ¢ Total exposed area, i.e., polished

surface and sides, of a damage spec-
imen.

From equation (2,1-5), the mean depth of penetra-
tion, for damage to only the polished surface of a specimen,
can be obtained by dividing the volume loss, VL, by the area
of the polished surface:

1 1
MDP' = VL / Apg

1 KK3(

or MDP P

n,C; + n,C, + n303 + nucu) / Aps (2.2-1)

Similarly, from equation (2.1-6), MDP can be obtain-
ed.
MDP:VL/AT

-
or MDP = KKPKS(nlcl + 0,0, + n303 + nucu) / An (2.2=2)

2.3 Percent Damaged Area

The percent damaged area of the polished surface of
a test sample (PDA') i1s defined as the summation of the area
of all the cavitation pits on the polished surface divided by

the area of the polished surface, Thus PDA' is:

n
PDA' = [(7T/L; pr) /APS] x 100 %
=1

13



But from the previous derivation of the weight

loss equations:
D = KpDp (2.1-2)
Thus PDA' becomes:
. 2 ﬁi 2
PDA = (257(KP DPi) / Apg %
i=1
To eliminate the necessity of computing each in-
dividual Dii, an experimental root mean square (RMS) pit di-

ameter is found for each of the four pit size categories.

Thus:

2
RMS

Zni = nl(D
f=1°1
Let 54 = DgMSi, Then the above equation becomes:

2 2 2
1) + nZ(DRMSE) + nB(DRMS3) + nu(DRMSu)

n
2
E:DPi = “131 + n232 + n383 + nhsh
i=1
Thus the percent damaged area of the polished sur-
face of a test sample becomes:

1 2
PDA' = 25nKP(nlsl-+ n,S, + n333 + nush) / Apg % (2.3-1)

The equation for the total percent damaged area
(PDA) of a test specimen can be obtained from the last ex-
pression by merely multiplying by the factor KS relating the
wear on the sides of a sample to the wear on the polished sur-
face, and by dividing by the total exposed area AT rather than

the area of the pollished surface, Thus PDA becomes:

PDA = ggﬂKgKS(nlSl.+ n 8, + n3Sy + nuSu) / An % (2.3-2)

hl




3.0 EXPERIMENTAL PROCEDURES & RESULTS

The following constants of the equations derived
in the preceding sections were evaluated from the experi-

mental data as described below: KP’ K, DRMci’ DRMsi’ and KS'

3,1 Determination of KP

As previously mentioned the apparent, visual dia-~
meter of a pit, DP’ as seen through a microscope or from a
photograph, differs from the actual pit diameter, D, which
can be determined from a proficorder trace of the pit pro-
file., This discrepancy has been observed not only for cav-
itation pits, but also for artificial pits produced by a
hardness indenter, Thus both artificial and cavitation pits
were examined to determine the relation between the visual
and actual size of each,

To determine the relation between Dp and D for
artificial pits, four hardness indenter pits were made on
a plece of annealed austenitic-stainless steel(89 Rockwell
B hardness). Their dlameters were made to correspond rough-
ly to that of cavitation plts of the largest pit size cate-
gory. These "artificial" pits were traced with a linear
proficorder and photographed. A comparison of the profi-
corder traces of the four artificial pits with their photo-

15



graphs indicated an average value of:

D, =1,22D i.e., the visually determined

P diameter of the artificial pits
was 1.22 times the actual pit
dlameter.

The data used to obtain the results reported in this section
is given in Tables A-I and A-II of the Appendix.
From the proficorder traces of the artificial pits,
the following average values were also found:
Dp = 1.02D' 1.e,, the visual plt diameter
of the artificial pits 1is 1,02
times greater than the distance
between ridge peaks of the pits.
D = 7.689H, i.e., the actual diameter of the
artificial pits is 7.689 times
greater than their maximum depth.
H, = 7.397Thy 1.e., the maximun depth of the
artificial pits is 7.397 times
greater than their maximum ridge
height.
of cdurse, all cavitation pits occurring on the
surface of tested samples are not circular in shape. For the
tabulation of pits according to size, pit counting tables
have been developed which convert the irregularly shaped pits
into equivalent circular pits., Thus to determine a relation
between the visual and actual size of a cavitation pit, since
diameters were not always avallable, 1t was necessary to
choose a characteristic length for each pit and compare this
length, LP, on the photograph with the corresponding length,
L, from the proficorder trace, The characteristic length
was chosen for each plt so that it could be identifled, with

certainty, on both the photograph and proficorder trace of
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the pit, and so that it occurred on the proficorder trace
from a given pit which contained the maximum values of
characteristic length (L), depth (Hy), and ridge height (hy).

An annealed, type 302 stainless steel, cavitatlion
damaged sample was traced with a linear proficorder and photo-
graphed. Six typical pits were then examined to determine
the relation between LP and L. The following average value
was found:

L. = 0.853L 1.e., the visual characteristic

P length of the cavitation pits is
0.853 times their actual charac-
teristic length¥®,
Thus for the cavitation damage equations derived in the
preceding sections, the photographic constant, KP’ relating
the visual pit size to the actual pit size 1is:
Kp = 1.172 1.e., 1/0.853.

The following values identifying the profile of
the cavitation pits were also found from the proficorder
traces of the six cavitation pits traced:

= 18.0Hy, to L46.1H, i.,e., the actual charac-
teristic length of the
cavitation plts is from
18.0 to 6.1 times as
great as their maximum
depth.,

H = 2.5h, to 69.4h 1i.e., the maximum depth

of the cavitation pits is
from 2,5 to 69,4 times as
great as their maximum
ridge height.

Since the spread was too large to validate the calculation of

%Note that while D, = 1,22D for hardness indenter

pits, = 0,853L for cavitagion pits., This apparent dis-
crepanc? is discussed in Section L.1.
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an average, no average value was calculated for the ratios of
L to Hy and Hy to hp. Also, i1t is to be noted that for the
cavitation pits, the ridge is not symetrical around the pit
crater*, as for artificial pits, but in general exists only
partially around the crater, and it was the maximum value of

this partial ridge that was used as the value of h,,.

3,2 Determination of K

In section 2.1, 1t was shown that the volume loss

for each cavitation pit is:
vy = KK%D% (2.1-3)

In the preceding section it was shown that the
"best" value for K, is:

KP = 1.172

Thus vL becomes:

- 3.3
v = K(1.172) DP

In section 2.1, it was also shown that the volume
loss per pilt is:
V. T Vv, -V (2.1-1)

Equating the last two expressions for v, gives:

V. = Vv, - = K(1.172)3D%

L ¢~ 'R

#0ut of 1l pits examined, the ridge was highest on
the downstream side in 6 cases, highest on the upstream side
in 3 cases, and approximately equal in the remaining 5 cases.
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3

or K = (vy - vg) / (1.172)3DP

C

or K = 0.621(vC - vR) / Di (3.2-1)

Thus the volume loss constant, K, for any cavita-
tion pit can be evaluated experimentally by determining DP’
Voo and Vg for the pit. The visual pit diameter, DP’ of any
pit can be determined from a photograph of the pit. Profi-
corder traces taken at a known constant increment across the
contour of the pit can be used to determine the ridge and
crater volumes, Vg and Voo of the pit by applying the follow-
ing method:

Consider first Figures 7 and 8. The areas a_ and

C

a, on sach proficorder trace can be evaluated by using a

R
planimeter to trace around the respective areas,

The volumes can then be found as follows:

8Cs, 141 (ag; + &gyqy) /2

ey, 141 - T8C1,14
N-1,N
v = v
c z Ci,1+1
1,2
N-1,N
or v, = I a
c Ci,141
Similarly: N N

-1
v, = I a
R zgj Ri,i+1

An annealed, type 302 stainless steel, cavitation

damaged sample tested in mercury was traced with a linear
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Figure 7. Schematic drawing of the paths of N pro-
filcorder traces at equal increments I
across a cavitation pit. The circle rep-
resents the surface area damaged by the
pit.

INITIAL

SURFACE

OCi

Figure 8. Schematic drawing of the profile of the
cavitation pit in Figure 7 as shown by
proficorder trace 1.
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proficorder (see Figures 9 and 10) and 1 typical pits were
examined by the above technique to determine the volume loss
proportionallty constant, K, from equation (3.2-1), It ﬁas
found that the average value of the volume loss constant for
the 1} pits examined was:
K = 7.346 x 10-3
The data used to obtain the above result can be found in
Tables A-III and A-IV of the Appendix,
An average value of vR/vC was also computed for
the 1} pits examined and was found to be:
VR / Vo = 0.328 1,e., the ridge volume is

about one third of the vol-

ume of the crater of a typ-

ical cavitation pit.
Thus the actual average metal removal for the 1l pits exam-
ined was about two thirds of the volume of the craters of
the pits, Of the 1l cavitation pits examined, 3 were ap-
proximately circular craters and ll were of lrregular con-
tour., The ridge to crater volume ratios for both types are
of the same order of magnitude.

3.3 Determination of D and D

RMC4 RMS4

For the present cavitation tests using mercury as
the cavitating fluid, pits were observed that varied in size
from about O.1§DP, mils =10,5., All approximately circular
pits are tabulated according to thelr diameter, and as pre-
viously mentioned, Ilrregularly shaped pits are converted in-

to equivalent circular pits according to the surface area
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Figure 9.

Macrograph of proficorder traced area 1.
Stainless steel specimen #63. Cavitation

to nose. Throat velocity-34 fps. 100 hours
test duration in mercury. 37.5X. Flow 1s
from left to right. The area between the
scribed lines was traced from left to right
at 0.001 inch increments across the specimen.
The traced area is near the trailing edge of
the specimen.

Figure 10.

Macrograph of proficorder traced area 2.
Same as Figure 9, except traced area 1s
near the leading edge of the test specimen.
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damaged. The equivalent diameters are then tabulated., To
facllitate the pit counting of damaged samples, four pit size

categories were selected with ranges as shown in Table II,

TABLE IT
PIT SIZE CATEGORIES

Category Size Range(mils)

1 0.46% Dp, < 1.15
2 1.155Dp, < 2,76
3 2,76§DP3 = 5,52
l 5652;1)%;11.04

These categories include agll observed pits except
those with visual pit diameters less than 0.46 mils, which
in section 6.1, are shown to provide a neglegible contribu-
tion to welght loss. Thus considering these four categories:
if n pits occur on the polished surface of a test sample,
and if n; plts can be considered to be in pit size category
1, and n,, ns, and n), pits in pit size categories 2,3, and
i, respectively, then n = Ny + Np 4+ N3 4+ 0.

In section 2.1 (Eg.2.1-l), the volume loss due
to n pits occurring on the polished surface of a test sam-
ple was shown to be proportional to the summation of the
cube of the visual diameters of the n pits., As previously
mentioned, to eliminate the necessity of computing each in-

dividual Dgi, an experimental root mean cube (RMC) pit

#0.46 mils corresponds to 1 division on the scaled
microscope eyepiece used in observing test samples,
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diameter for each of the four plt size categories is to be
determined. A similar substitution of an RMS constant was
made in the derived equations for percent damaged area.

To determine the RMS and RMC diameters for each
pit size category, eight typical damaged samples were ob-
served under 100 power magnification. The four pit size
categories were subdivided as shown in Table A-V of the Ap-
pendix, and the total number of pits on all eight samples
in each of these subdivisions was determined., The total num-
ber of pits in each subdivision, n', was then multiplied by

2 3
Dp and Dp as shown in Table A-VI. The products of each
av av

subdivision, n'D2 and n'D3 , were then summed for each
Pav Pav
pit size category, and divided by the total number of pits

in each category to give the RMS constant (Sjy = Dngi) and

the RMC constant (Ci = D3 i) as follows:

RMC
Z(n'Df, )4
oy = av
20y
i
_ 0333
and DRMCi =Cy
Similarly:
Z(n'Di )y
av
Sy =
Tn;
i
_ _.500
and DRMSi = S1

where 1 corresponds to the four pit size categories,

The results summarized in Table A-VII in the Ap-
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pendix are listed below in Table III for convenlence.

TABLE III
SUMMARY OF RMS & RMC CONSTANTS

g:zeZi;; Rgige?iiis) (;flg) (ﬁils% (Milsz) ﬁ?¥g§ (Mgis3)

1 o.46 - 1,15 0,805 0,805 0,6480 0,805 0,5216

2 1,15 - 2.76 1.955 1.776 3,1525 1.821 6.0363

3 2,76 - 5.52 L4.140 L4.060 16.4799 L.14h 71.1547

Iy 5.52 -11,04 8,280 6,828 1,6.6233 6.941 334.4513

3.4 Determination of K

The samples used for cavitation tests extend into

the fluid stream a mean distance of 0,2 inches from the wall
of the venturl (see Figure 2). The end face of a typical
sample (i.,e., face approximately parallel to wall) is high-
1y polished®™, and constitutes about 11% of the total spec~-
imen area exposed to cavitation (see Figures 3 and L). The
sides of a typlcal sample, which constitute the remaining
89% of exposed area, are not polished and have only a ma-
chined finish®*¥, upon which accurate pit counting, especial-
ly of the smaller pits, is difficult. For this reason, and
to conserve labor, only the polished surface of a test sam-
ple 1s pit-counted. Since material is removed not only from

the polished surface, but also from the sides, an expression

#Surface roughness usually about 2 microinches(rms).,
( ) #%Surface roughness usually about 20 microinches
rms).,
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is needed to relate the damage on the sides of the sample

to that on the polished surface, Specifically, an experi-
mental constant, Kg, is desired such that when 1t is mul-

tiplied times the number of plts occurring on the polished
surface of a test sample, the product gives the total num-
ber of pits occurring on the entire sample.

To determine the desired constant KS’ six samples
were observed under 100 power magnification: two "water"
samples and four "mercury" samples (including two special
samples with their sides initially polished). The total num-
ber of pits 1in each size category on both the polished sur-
face and sides of the samples was determined, _The results
are summarized in Table A-VIII in the Appendix, For all the
samples observed, there were on the average 2.601 times as
many pits, in all four pit size categories, on the sides of
a sample as on the polished surface, Thus for n plts on the
polished surface of a sample, there are 2,601 n pits on the
sides, or 2,601l n 4+ n = 3,601 n pits on the entire test sam-
ple, Thus:

KS = 3,601
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;.0 DISCUSSION OF RESULTS

4.1 Visual and Actual Pit Sigzes

As previously mentioned, DP = 1.22D for artificial
pits and LP = 0.853L for cavitation pits. To explain this
apparent discrepancy, consider the models of artificial and
cavitation pit contours shown in Figures 11 and 12, where
parameter values tabulated from proficorder traces of the

artificial and cavitation damaged samples will be used

(Table IV),

TABLE IV
SUMMARY OF PIT PROFILE PARAMETERS

Artificial Pit Cavitation Pit
D, = 1.22D L, = 0.853L
D, = 1.02D' L = 18,0H, to 46,1H,
D = 7.689H, H, = 2.5h, to 69.4hy
Hp = 7.397h, L = 45h, to 3199.3h,
D = 56.876h,

For both the camera and microscope used to observe
and photograph cavitation and artificial-pit samples, the set~-
up is as shown schematically in Figure 13, i,e., the light

source and viewer directly above the observed surface, Since

27



0 E.hﬁ&wﬁo 103 pejeasddexe L1Uu3TTs
exe "y pue ‘g ‘*a77Joad 37d uoiiBITABO TEBNROY 21 8InIT4

*oTTJouad 37d TBTIOTITIIB Ten3idy T ean3ig

39v4uNS IVILINI —\

— L, S T . e - —— —— ———

28



Light
source

Figure 13.

To eye or
photographic plate

j> Eyepiece

\ Transparent
reflector

> Objective

Specimen

Cptical features of a
metallurgical micro-
scope and metallograph
camera.

Figure 14,

POLISHED (2

SURFACE

(v)

7

Schematic of regular and
sidewise light reflection.
(a) Light striking polish-

ed surface 1s reflected back
to observer's eye or to pho-
tographic plate. (b) Light
that strikes a sloping sur-
face(as a plt crater) is re-
flected sidewise and does not
return to the observer. Thus
a pilt crater appears dark.

Figure 15. Macrograph of a "black spot
artificial pit 12CX.
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the tested samples are highly polished to a surface finish

of about 2 microinches (rms), specular, or regular, reflec-
tions can be assumed for the light striking tﬁe observed sur-
face. As can be seen from Figure 1, when the slope of the
observed surface deviates enough from a horizontal position,
the light will not be reflected back to the viewer,

As seen visually thru a microscope or from a photo-
graph, a pit appears as a "black spot" (see Figure 15) on
the observed surface with a white spot near 1its center (due
to the horizontal portion of surface at the deepest polnt of
the pit). The visually determined dimensions of a pit are
measured to the edge of this "black" region.

For the artificial pit, as shown in Figure 11,
light will not be reflected back to the viewer until the
slope of the inner pit contour becomes essentially hori-
zontal, i,e.,, near the ridge peaks of the pit. Thus the

visual dlameter of an artificial plt 1s greater than the ac-

tual crater diameter of the pit (as measured along the initial

reference surface) and is approximately the distance from
ridge peak to ridge peak of the artificial pit, or 1.22 times
the actual pit diameter for the pit geometry shown in Figure
11, i.e., Dp = 1.22D., This theory is strengthened by the
fact that for the pits examined it was found from the profi-

corder traces that D, = 1.02D' or D, = D', where D' is the

P P
distance between the ridge peaks of the artificial pits,
Cavitation pits are relatively much more shallow

than the artificial pits observed, and also have propor-
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tionately much smaller ridges (see Table IV), which exist,
if at all, only partially around the pit crater, The shape
of these cavitation pits explains the observed fact that
their visual slze 1is less than their actual size, Light is
reflected back to the viewer as soon as the slope of the pit
crater becomes small enough (see Figure 1), This occurs
(see Figure 12) before the initial reference surface is reach-
ed, since generally, no ridge exists on at least one side of
the plt crater, and where one does exist, it is proportion-
ately muéh smaller than for the artificial pits, and thus be-
cause of 1ts smaller slope, reflects light back to the viewer
sooner, l1.e.,, at a smaller dlameter, than would an artificial
pit ridge. Thus the visual size of a cavitation pit 1is
slightly smaller than its actual size, while that of a hard-

ness-indenter pit is slightly larger.

i ,2 Crater and Ridge Volume

The volume loss proportionality constant was found
to be K = 7,346 x 10'3. As shown in Table A-IV of the Ap-

pendix, the range of cavitation pits examined was from DP =

1.1 to 10,3 mils, For these pits, the ratio of the ridge

volume to the crater volume, VR/VC, ranged from 0.069 to

(11) showed

0.685, with an average of 0.328, Since McHugh
that the ratio of ridge volume to crater volume for an arti-
ficial pit (no metal removal) was approximately 1.0, it can
be concluded that for all the pits examined (which included

pits from the entire range of pit sizes thus far observed in
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the mercury and water tests), metal was actually removed from
each pit, and on the average about two thirds of the crater

volume was actually removed,

.3 Material Displacement

McHugh(ll) also observed, in his artificisl pit in-

vestigations, that vertical displacement of material (pit
ridges) occurred up to 18 pit radil from the center of the
plt. Ring and Biss(IS) found that lateral displacement of
material in the ridge of an artificlal pit could be'detected
to only 3 to L4 pit radii from the center of the pit. This
implies that the mechanism involved in the formation of an
artificial pit causes the "upward" flow of metal to be great-
er than the "outward" flow,

In contrast, for the cavitation plts observed, the
author detected vertical displacements of material only in
the range of 3 to 5 pit radii from the center of the pits
(see Figures 16 and 17 for typical proficorder traces of ar-
tificial and cavitation pits). This may indicate that the
rapid stress rate present at the formation of cavitation pits
does not allow sufficient time for the metal to flow and be
displaced from the pit crater, thus leading to the "tearing"
or "splashing" of metal from the surface of a cavitation sam-

(4,9,12,14,16) have also found that

ple. Other investigators
material displacement is much less for their dynamic tests
than for the static loading present 1n the formation of the

artlficlal pits considered by McHugh(ll).
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Figure 16. Typical proficorder trace of an artificial pit. Vertical
scales 100 microinches/division. Horizontal scale: 0,002"/
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about the crater. Taken from McHugh(ll),
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Figure 17. Typical proficorder trace of a cavitation plt. Vertical

scales 25 microinches/division. Horizontal scale: 0.001"/

division. %X. Note the smaller and non-symmetrical ridges
(largest ridge is on downstream side of pit) of this cavi-

tation pit as compared to the artificial pit illustrated in
Figure 16,
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The exact mechanism involved in the formation of
cavitation pits and the removal of material there from is
not presently known, but the following are posslible theories
which have been considered in the literature:

(1) Metal removal from a single bubble collapse
because of:

1) high shear stress due to high fluid veloc~
ity parallel to m?t§l surface from an im-
pinging fluid jet'3) due to bybble col-
lapsing on the metal surface 137,

i1) high displacement velocity of metal arou?d
impact area, resulting in metal "splash"(2),
due to a bubble ?ollapse causin% an _imping-
ing fluld jet'(13) or shock wave(5,10) load-
ing of %the metgl surface.

(2) Rep?ated shock wave(5910) op impinging fluid
jet(13) louding of metal surface, due to col-
lapse of numerous bubbles, resulting in slab
pitting from: o ‘
1) inclusions or other surf?ge i@gérfections(697).
11) surface fatigue failures!©s7,0),

L. Damage Rates

In section 3.4, the constant KS’ used to account
for damage on the sides cf test samples, was shown to be
3,601, i,e,, there are on the average about 2.6 times as
many pits on the sides of a test sample as on the polished
surface. Since the area of the sides of a standard test sam-
ple is 8,04 times that of the polished surface, the "pitting
rate" on the sides (per unit area) 1s only about 1/3, i.e.,
2,601 / 8,04 = 0.32, of the "pitting rate" on the polished
surface,

Two standard samples (surface roughness of sides a-

bout 20 microinches) were tested in mercury for 50 hours with
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a total measured weight loss of 4,27 mg. Two speclally pre-
pared samples were polished on their sides as well as on
their usually polished surface (surface‘roughness about 2
microinches) and were also tested for 50 hours under the
same flow conditions as the standard samples mentloned a-
bove., They exhibited a total measured weight loss of 5,46
mg. This implies that the rougher finish of the sides of
standard test samples would reduce the "pitting rate" on the
sides to about 3/4, i.e., L4.27 / 5.46 = 0,782, of that on
the polished surface 1f the sides and polished surface were
exposed to the same flow conditions., This alone does not
explain the 2/3 reduction in "pitting rate" on the sides re-
ported above for standard specimens, Thus 1t appears that
there are other factors involved, probably due to the.dif-

ferent flow conditions to which the sides are exposed,

4.5 Pit Size Distribution in Mercury

To determine the RMS and RMC constants, the entire
polished surface, of eight samples tested in mercury, was
observed, The total number of pits on all the samples is
tabulated in Table A-V of the Appendix, It 1s noted that
there were about 10 times as many pits in the smallest size
category (1) as in all the other categories combined, This
may indicate that the pits in category 1 are those due to
the collapse of very large (or at least energetic) individ-
ual bubbles, whereas the larger pits (especially those few
in category L) are due to a fatigue-type failure from the
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collapse of very many smaller (or less energetic) bubbles

near one location on the surface of a test sample,

li.6 Comparison of Pitting in Water and Mercury

Several interesting observatlions can be made from
Table A-VIII of the Appendix, First note that there were
more than twlce as many pits in the smallest category 1, on
the mercury samples than on the water samples, even though
the water samples were tested 15 times as long (at the same
flow and cavitation condition). This too may indicate that
the pits in category 1 for samples tested in mercury are due
to the collapse of very large, or energetic, individual bub-
bles (since the pits generally appear as circular craters),
whereas in water, even the very large bubbles do not often
produce enough energy (as do the mercury bubbles) to remove
even Small pieces of metal in a single blow, Thus 1%t 1s
implied that most of the damage to samples tested in water
and in categories 2,3 and L} for samples tested in mercury,
is due to fatigue faillures (because of their generally ir-
regular contours) from the repeated blows of many collapsing
bubbles, thus producing the larger pits observed in both
water and mercury tests,

Conslder Table V, which is a condensed form of
Table A-VIII, for further clarification of the above, Here
a linear extrapolation of the ratio of "pits on mercury sam-
ples to pits on water samples" has been made for equal test

durations.
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TABLE V
COMPARISON OF PITTING IN WATER AND MERCURY

Pit Size Duration Total Pits 3%
Category Hg Ho0 Hg HpO Hg/H,0 (Hg/H50)

1 10 150 5100 2340 2,18 32.7
2 100 150 757 433 1.75 2.6
3 100 150 216 135 1.60 2.l
Iy 100 150 164 103 1.59 2.L

Note that for pit size categories 2,3 and L (most
of the pits in these categories in both mercury and water
are hypothesized to be due to fatigue failures), the extrap-
olated ratio of "pits on mercury samples to plts on water
samples" remains essentlally constant, but the pltting rate
for mercury is about 23 times greater than for water, How-
ever, for plt size category 1, the ratio is much larger and
is about 32,7. Thus many more pits in category 1 are formed
in mercury than in water, which may indicate that these pits
are mostly due to a single bubble collapse in mercury and
many bubble collapses (fatigue failures) in water,

It is also noted from Table A-VIII, that the sides
to polished surface average pltting ratio, for water and mer-
cury combined, varied only between 2.45 and 2.79 for all four
pit size categories, even though opposite trends exist in

water and mercury since the ratio of pits on sides to pits on

#Linear extrapolation to equal test durations of
150 hours,
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polished surface (1) tends to decrease as pit size increases

 for mercury tested samples, and (2) tends to increase as pit

size increases for water tested samples, This is probably
due to the different flow conditions to which the sides are

exposed to in the two fluids (water and mercury).
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5.0 WORKING RELATIONS FROM DERIVED EQUATIONS

In this sectlon, the equations derived in section
2 will be expanded into working relations by substitution of
the empirical constants (Table VI) determined in section 3.
In the present damage tests, samples of austenitic stainless
and mild carbon steel, plexiglas, and of a columbium-1% zir-
conium alloy were tested., Thus where sample density enters
into one of the derived equations, suitable equations will

be formed for each separate material.
TABLE VI
SUMMARY OF EMPIRICAL CONSTANTS

3 2

¢y = 0.5216 mils® S; = 0,6480 mils Kp = 1.172

¢, = 6.0363 mils? s,= 3.1525 mils® K = 3.601

C, = T1.1547 mi1s> 5, = 16.4799 mils® = 7.346 x 107°
c) = 33h.4513 mils> 5, = 46.6233 mils?

5.1 Weight Loss

In section 2.1, the weight loss due to the pits on
only the polished surface of a damage specimen was shown to
be:

wL' = pKKi(nlcl+ nyC, + N30y + nucu) (2.1-7)
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WL' thus becomes:

WL'= 0(7.346 x 1073)

(1.172)3(.5216n1 + 6.0363n, +
-1-71.15147n3 +—33u.h513nu)

or WL's 0(11.8256 x 1077)(,5216n, + 6.0363n, +

+71.154Tn, + 334.4513n ) milss

3

The densities of the materials tested are given in Table VII,

TABLE VII
DENSITY OF TEST SPECIMEN MATERIALS
Material grams/cc grams{mil3
Stainless steel(Type 302) 7.85 1.285 x 10”7
1010 Carbon steel 7.85 1.285 x 107/
Plexiglas 1.23 0.202 x 1077
Columbium-1% Zirconium 8.72 1.429 x 1077

Thus the respective weight losses due to pitting of
only the polished surface becomes:
= (1.285 x 1077)(11.8256 x 1072)(.5216n, +
+ 6.0363n2 + 71.15'47!13 + BBM.MSIBnu) grams

1
Whss cs

or WLéS,CS = 15,1959 x 10"10(.5216nl + 6.0363n, +

4-71.1547n3 + 33&.&513nu) grams (5.1-1a)

Similarly:
1 _ -10
WLoyon = 2.3888 x 10 (.5216nl4- 6.0363n2 +
+-71.1547n3 +—33h'h513nu) grams (5.1-1b)
and WLéb_er = 16,8988 x 10-10(.5216n1 + 6.0363n2 +

-+71.15u7n3 + 33u.u513nu) grams (5.1-1c)
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The total welght loss equations for each material
can be obtained from equation (2,1-8), which is merely the
factor KS (to account for damage to the sides of a test sam-
ple) times the weight loss due to pitting to only the pol-

ished surface of a damage specimen, or:

_ '
Whss cs = %sWhss,cs

Thus : _ -10
Wlgg gg = (3.601)(15.1959 x 10 "7)(.5216n; +

+6.0363n, + 71.15&7113 + BBLL.lLEanLL)

_ -10
or WLSS,CS = 5,720 x 10 (.5216nl + 6.0363n2+
+71.15LL7n3 + 33&-&513%) grams (5.1-2a)
Similarly:
-10
WLpyox = 8.6021 x 10 (.5216:11 + 6.0363n2+
+71.151|-7n3 + 33&-1;513%) grams (5.1-2b)
_ -10
and WLCb_er = 60,8526 x 10 (.5216n1 + 6.0363n2+

+71.15u7n3 + 33&-&513%) grams (5.1-2¢)

5.2 Mean Depth of Penetration

In section 2.2, the mean depth of penetration, due

to pitting of only the polished surface of a test sample,

was shown to be:

MDP' = KKg(nICl+ n,C, + N30y +nbfc,+) / Aps  (2.2-1)

2
where: A, = 0,0372 1n2 = 3.72 x 10% mils2, and the other

#From L.L. Barinka memo to U-M Project 0342l File,
November 1961,
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constants are as previously listed in Table VI,

MDP' thus becomes:

P! = (7.346 x 1073)(1.172)°(.5216n + 6.0363n,,+
+71.1547n3 + 33&-&513nu) / 3.72 x lOLL

or MDP' = 3.1789 x 10-7(.5216n1-+ 6.0363n2+
+71.15h7n3 + 33&-&513nu) mils (5.2-1)

From equation (2.2-2), the mean depth of penetra-

tion for an entire test sample can be obtained as follows:

R
MDP = KKPKS(nlcl + 0,0, + ny 3 + nucu) / Ag (2,2-2)
5

where: A_ = 0,3362 in? = 3,362 x 10 milsz, and the other

T
constants are as previously listed in Table VI.

MDP = (1.1826 x 107 2)(3.601)(.5216n, + 6.0363n,+

+71,15u7n3 + 331;.11,513%) / 3.362 x 1o5

or MDP = 1,2666 x 10’7(.5216n1+ 6.0363n,, + _
+7l.15Lt7n3 + 33&.&513nu) mils (5.2-2)

5.3 Percent Damaged Area

In section 2.3, the percent damaged area due to
the pits on only the polished surface of a test sample was
shown to be:

DA’ = 257{1{ (nyS) + nyS, + ny8;3 + m) 8 u / A % (2.3-1)

All constants have previously been listed in this

section, thus PDA' becomes:
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ppA' = 257T(1.172)2(.6u80n1 + 3.1525n2+

+16.L;799n3 + 46.6233%) / 3.72 x 10“

or PDA = 29,0006 x lO-LI'(.éh.BOn1 + 3.1525n2-+

+16.u799n3 + L;6.6233nu) % | (5.3-1)

The total percent damaged area of a test specimen

is given by equation (2.3-2):

B 2
PDA = 257TKPKS(nlSl + 10,58, +n,58; + nusu) / Ap % (2.3-2)

All constants have previously been listed in this

section, thus PDA becomes:

PDA = 2571’(1.172)2(3.601)(.é)l,LBOn1 + 3.1525n2+
+16,Lp799n3 + ).4.6.6233nu) / 3.362 x 105
or PDA = 11,5551 x 1O-u(.6)+80nl + 3.1525n2+-
+16.4799n, + Lp6.6233nu) 4 (5.3-2)
L3



6.0 SAMPLE CALCULATIONS USING THE DERIVED EQUATIONS

In this section some numerical substitutlions will
be made into the previously derived equations to determine
whether any restrictions should be placed onvtheir use, The

following three equations will be considered.

-10
WLeo = 5L.720L x 10 (.5216n; + 6.0363n,+
+71.15u7n3 + 33u.u513nu> grams (5.1-2a)

3

1.2666 x 10-7(.5216nl + 6.0363n,, +
+71.15b,7r13+ 33u.4513nu) mils (5.2-2)

PDA = 11,5551 x 10"“(.61;80::1 + 3.1525n2+
+16.4799n, + u6.6233nu) % (5.3-2)

6.1 Calculation of Maximum Values of WL, MDP, and PDA

The maximum welght loss of a damaged sample will be
approximated by considering each pit size categoty individ-
ually.

The total sample weight loss due to one pit on the
polished surface in the smallest plt size category is given
by the first term of equation (5.1-2a).

Wl = 54.7204 x 10710 [.5216(1)]

wll = 28,5425 x 10710 grams

L




The percent damaged area due to ny = 1l is:

pda, = 11.5551 x 107 L6u80(1ﬂ

pda, = 7.4877 x 1o'u %

After observing many heavily damaged specimens,
particularly in the mercury tests, 1t is estimated that the
maximum percent damaged area due to pits in plt size cate-
gory 1 is about 90%. Thus the maximum contribution of the
smallest plt slze category to the total sample weight loss
is (assuming that only a single layer of pits is present):

where: n, = 90% / 7.4L877 x 10'”% = 120,197 pits
WL, = 28.5425 x 10719(120,197)
WL, = 34,3073 x 10'5 grams

WL, = 0.3431 mg.

Note that since the RMC constant for plts with
0.1<Dp=<0.46 mils would be about 1/25 the RMC constant for
category 1, and since the number of pits of this size is
usually less than 300, thelr contribution to the weight loss
is negligible,

A consideration of all the available pit count
tabulations of damaged specimens indicates that the maximum

number of pits in pit size categories 2,3, and L are:
n, = 200 , n3 = 30, nu = 10

Thus the contribution to the total weight loss of
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each of these pit

WL2

WL2

WL2

WL3
L
Why

WL3

WLh

heh

Wh,

Summing
categories gives a

loss of a damaged

derived equations

WL
SSmax

WL
SSmax

WL
SSmax
The maxi
to this maximum we

tion (5.2-2), wher

size categories 1s:

= 54,7204 x 10”10 [@.0363(2ooﬂ
= 0,6606 x 10-5 grams
= 0,0066 mg.

= 5l 7204 x 1070 [71.15u7(3oﬂ

= 1,1681 x 1o"5 grams
= 0,0117 mg.
= 8y.7204 x 107 [334.4513(10)]

= 1,8301 x 10"5 grams

0.0183 mg.

the contributions of the four pit size
n approximation of the maximum total welght
sample, which can be calculated from the

within their limit of applicability.

WL

+ WL +WL3+W]'_7+

1 2

= 0,3431 + 0.0066 + 0,0117 + 0.,0183

= 0.3797 mg,

mum mean depth of penetration corresponding
ight loss of 0.3797 mg. is given by equa-

e the ni's are as above:

MDP___ = 1.2666 x 1077 [.5216(120,197) + 6.0363(200) +

+

71.1547(30) + 334.4513(10)]  mils
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1.2666 x 10 71(6.2695 + 0.1207 +

MDP =
max
+0.2135 + .3345) x 10%
_ -3
MDP, . = 1,2666 x 107°(6.9382) mils
MDP = 8.7879 x 1070 mils
max
or MDP . x = 8.7879 microinches

The maximum percent damaged area of a test specimen

for the nj's assumed above is given by equation (5.3-2).

PDA, ., = 11.5551 x 107k [.6u80(120,197) + 3.1525(200) +
+16.4799(30) + 16.6233(10)] &

PDAp,,. = 11,5551 x 1074(7.7868 + 0.0631 + 0,049 +
+0,0466) x 10k %

PDAp., = 11.5551 x 7.9479 %

PDA, . = 91.8388 %

6.2 Discussion of Calculations

From the above rough numerical calculations, we
found that:

max
MDP = 8,8 microinches

max
PDApax = 91.8 %
In section 6.1, PDA was assumed to be large to ob-
tain maximum values for the above damage parameters., For

actual damaged samples, the percent damaged area, as approx-
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imated by observing the samples under high magnification, ap-
pears to range between 20 and almost 100%.

The maximum depth of plt craters, as measured from
proficorder traces of the pit profiles, varles from about 20
microinches (pit size category 1) to about 300 microinches
(pit size category L). Thus the value of MDP, ., = 8.8 micro-
inches, appears reasonable considering that it 1s the volume
of all the pits divided by the total exposed surface area.

To determine how well the welght loss equations fit
the actual weight loss curves of damaged samples, consider

Figure 18,
Curve A typifiles a sample that receives significant

damage throughout its test duration and which is countable
for its entire test duration. Curve B is typlcal of a sam=-
ple receiving more damage than sample A, becoming so damaged
that pit counting cannot be continued after about 25 hours
of testing. Some samples follow curves of type B to say
point b, and then increase rapidly along a curve as B'.

The value of WLSSmax:: 0.38 mg. obtained from our
derived equation corresponds in proper order of magnitude to
curve A, but not to curves B or Bf, Thus it appears that the
equation can be used to describe the weight loss (for other
than quite short tests) for only those samples typified by
weight loss curves simllar to curve A,

As mentioned asbove, samples which follow curve type
B become uncountable after about 25 hours of testing, whereas

samples which follow curve type A retain a well-defined sur-
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WEIGHT LOSS- mg.

o 50 100

TIME - hrs.

Figure 18, Schematic drawing of typical actual weight-
loss curves for samples tested in mercury.
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face and edge finish, and can be pit counted throughout their
test duration, i.,e.,, for several hundred hours, In general,
curve type A is typical of samples tested in mercury at "vis-
ible initiation”" and "cavitation to nose'" test conditions,
and curves of type B and Bq are typical of samples tested in
mercury at "standard" and "cavitation to back end" test con-
ditions (see section 1.0 and Figure 2 for definitions of each
cavitation condition).

The author also examined proficorder traces, made
by Cramer(l) and Walsh(18), of pit profiles of samples tested
in water, and found that the pit contours are similar to the
profile of the pits on mercury tested samples, Since all
samples tested in water accumulate much less damage than
those tested in mercury, and retain a well defined surfacse
and edge finish, i1t appears that the derived equations can
be used for all test conditions in water.

In summary, the application of the derived equa-
tions 1s restricted to the following cases:

(1) Samples tested in water at any cavitation con-
dition and for any velocity and test duration
yet attained,

(2) Samples tested in mercury at only "visible in-
itiation" and "cavitation to nose" cavitation
conditions for long test duration.

(3) Samples tested in mercury at "standard" and
"cavitation to back end" test conditions for

short initial test durations of approximately
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5 hours, i.e., until the surface and edges can-
not be well-defined, and it can no longer be as-
sumed that the pits do not significantly overlap.

Thus the equations cannot be used, in the context
of the present tests, only 1n the case of samples tested in
mercury for long durations at "standard" and "cavitation to
back end" test conditions.

Thus it 1s expected that the visible pitting damage
to a damage speclimen 1s proportional to the actual weight
loss of the damaged sample as long as the sample is not so
severely damaged that its surface and edges cannot be well-
defined,

It is also believed that for the heavily damaged
samples, curve types B and B', the pitting is also directly
proportional to the weight loss, but that the calculated val-
ue of maximum welght loss will not agree with the actual
welght loss only because accurate plt count tabulations can-
not be obtained for the more heavily damaged samples*° Three
factors which lead to inaccurate pit count tabulations on
heavily damaged samples are:

i) No account of the possible over-lapping of pits

of similar size(i.e., layers of pits) can be made.
Figures 19 and 20 are photomicrographs of large
shallow pits which show the formation of small

#When the body of damage data avallable is reduced,
using the equations derived in this report, and compared to
the measured weight losses, it is expected that more defin-
itive statements can be made in these different regards,
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Figure 19. Macrograph showing small pits on the
bottom of a large shallow crater.
Stainless steel specimen #63. Cavi-
tation to nose. Throat velocity-34
fps. 100 hours test duration in mer-
cury. 300X,

Figure 20. Macrograph showing small pits on the
bottom of a large shallow crater.
Same sample as shown in Figure 19.
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i1)

111)

pitting on the bottom of the large plt craters.
Figure 21 shows two over-lapping pits of simi-
lar size,

For heavily damaged samples, a dark band occurs
along the edge of the sample due to a "rounding"
of the edges. Not only is the pitting in this
region undeterminable, but also the amount of
material removed in the "rounding" of the edges
cannot be determined by the visual methods thus
far developed. Figure 9 shows this dark band
along the sample edge, and Figure 22 is a mi-
crosection through a sample that shows the ac-
tual rounding of the edge.

A brown smudging of the polished surface, which
tends to obscure pits making accurate tabulations
difficult, has also been observed on some speci-
mens in regions of light cavitation, The smudg-
ing later develops into colored bands, simllar
in appearance to oxide formation on steel from
heating. Flgure 23b 1is a photomicrograph of the
same location as PFigure 23a, but was taken after
9 additional hours of wear, and indicates how
the smudging covered and obscured the plts that
were visible in Figure 23a. (A more detailed

description of the discoloring process 1s given

in Reference 8).
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Figure 21,

Macrograph showing the over-lapping
of two similar sized pits. Same sam-
ple as shown in Figure 19, except at
120X. Notice how the large pit at
the bottom of the plcture formed on
top of part of a plt about half its
elze,

Microsection illustrating the "round-
ing" of a samples edge. Stalnless
steel specimen #26. Standard cavita-
tion. Throat velocity 97.2 fps. 12

hours test duration in water. Etched.

1000x%.
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Figure 23,

(v)

Macrographs illustrating the "smudg-
ing" of the polished surface of a
test specimen. Columbium-1%Zircon-
ium specimen #l4. Standard cavita-
tion. Throat velocity-48 fps. 120
X. (a) after 1 hour of testing in
mercury. (b) after 10 hours of test-
ing in mercury. Notice how dark
smudging in b covers and obscures
some of the pits visible in a.
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6.3 Discussion of Actual Weight Loss Curves

At this point some consideration will be given to
the typical welght loss curves illustrated in Figure 18. The
difference in "wear rate" indicated by curves A and B (con-
sidering sample material and flow rate to be constant for all
curves) 1s explained simply by the different cavitation con-
ditions used,

Some samples have been observed which exhibit a
relatively uniform wear rate illustrated by curve B to say
point b, and then exhibit a large increase in wear rate after
point b, It 1is believed that this is due to a "gross" fa-
tigue type failure of the surface encompassing areas much
larger than single pits, from the collapse of many cavita-
tion bubbles in localized areas,

The surface failure is ascribed to fatigue because
the sharp increase in weight loss occurs only after many
hours of testing and is characterized by the removal of rel-
atively large amounts of material from the sample which are
much greater than the previously observed pits. Figures 2,
and 25 illustrate this type of "gross" failure. Incidentally
this type of fallure may be that observed by various previous
investigators in reporting a cavitation damage incubation pe-
riod. Such an apparent period would result from extrapolat-
ing the sharply rising portion of the curve back to zero
weight loss, If direct weight loss measurements only were
used, the losses prior to "b" might not be detected.

Note that both curves A and B exhibit a large
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Macrograph of a "gross" type
fatigue failure.- Columbium-
1%Zirconium specimen #20. Cav-
itation to nose. Throat vel-
ocity-48 fps. 50 hours test
duration in mercury. 4X. Flow
i1s from left to right.

Figure 25.

Macrograph of a "gross" type
fatigue fallure.- Columbium-
1%Zirconium specimen #1l.
Standard cavitation. Throat
velocity-34 fps. 100 hours
test duration in mercury. 4X.
Flow is from left to right.
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"wear rate" over their first few hours of testing and then

exhibit a smaller, steady '"wear rate" over the remainder of

their test duration (unless the above gross fatigue failure

occurs)., The following two explanations are proposed for

the small, but rapid, initial weight loss,

1.

Inclusions, (or other imperfections) that are

at or near the surface of a sample, can be re-
moved from the material initially rather eas-

11y due to the collapse of relatively few bub-
bles near the inclusion, and show up as a large
initial weight loss, followed by the "normal"
wear rate of the sample material throughout the
remainder of the test duration,

There may be some effect due to work-hardening
of the surface. Thus in the extreme it might

be that curve B" 1is the "nmormal" wear rate of

the sample material, and that the sample is
locally surface-hardened to some extent by the
cavitation and thus exhlbits a lower wear rate
(curve B" to B) during the remainder of the test.
Such surface hardening would help to explain the
later brittle-fatigue~type of failure that occurs

on some samples (curve B to B').

More investigation is certainly needed to establish

the possible validity of elther of the above mechanisms.
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7.0 CONCLUSIONS

The following conclusions can be drawn from the

present investigation:

(1) For artificisl pits, the visual pit diameter
(DP) is actually closely equal to the distance
between the ridge peaks (D') of the pits.

(2) Metal was actually removed from all of the cav-
1tation plts traced with the linear proficorder.

(3) According to the avallsble evidence, material
is vertically displaced from the crater of a
cavitation pit to only about 4+ the radial dis-
tance that applies to an artificial pit crater.

(L) The pitting rate per unit area on the sides of
a damage specimen is only about 1/3 that on the
polished surface,

(5) The contour of pits produced by either water or
mercury cavitation damage 1s closely similar.

(6) Cavitation pitting, according to present evi-
dence*, 1s directly proportional to the weight

loss of a test sample whose shape remains well-

#It 1s hoped that an equality can soon be verified
by comparison between calculated and directly measured weight
loss.(l%)proportionality was exhlbited in irradiated specimen
tests .
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bove, but

(8)

The

are

(1)

(2)

(L)

defined throughout its test duration (no gross
rounding of edges or over-lapping of pits in
layers of damage).

The derived equations are applicable to samples
under the conditions defined in item (6) above,
The majority of the weight loss of severly dam-
aged samples is due to "layers" of pltting on
the surfaces and to "rounding" of the samples

edges.

following are not as well supported as those a-
given as possible theories:

The small pits (pit size category 1) on samples
tested in mercury are due to the collapse of
one sufficiently large or energetic bubble,
Most of the larger pits (categories 2,3, and l)
on samples tested in both water and mercury are
due to localized fatigue-type fallures,

The sbrupt change in welght loss typified by
curve B on Figure 18 is due %o a large-scale,
"oross" type of fatigue fallure,

The phenomenon of a small but rapid initial
welight loss followed by a more gradual wear
rate 1s due to either inclusions, or other im-
perfections, ejected from the surface of the
materlal by the early phases of cavitation, or

perhaps to a surface hardening effect of the
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(5)

sample material as cavitation proceeds.
Surface finish, at least in the range tested,
does not seem an important parameter for sen-
gsitivity to damage. In fact in the present
tests, the smoother the surface the more dam-

aged received,
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TABLE A-I

PROFILE DATA FOR ARTIFICIAL PITS ON 302-STAINLESS STEEL®

Pit Trace D D' Dp  Dp/D  Dp/D’

1-1 1-13 7,126 8,500 8,333 1,169 0.980

l-2 2-15 7,250 8.562 8,594 1,185 1,004

3-3  3-17 7.688 9,126 9.635 1,253 1,056

3~ [-18 7.376 9,000 9,375 1,271 1,042

EOBZB o

Pit Trace Hy, hy D/Hy, D/hy  Hy/hy
1-1 1-13 7.126 0,875 0,125 8.144 57.008 7.000
l-2 2-15 7.250 0,906 0.109 8,002 66,513 8,311
3-3  3-17 7.688 1,031 0,171 7,456 L44.959 6,029
3-4  4-18 7.376 1.031 0,125

Average DP/D =4.878 /L = 1,22
Average Dp/D' = 4.082 /L = 1.02 = 1
Average D/Hp = 30.756 / L = 7.689
Average D/hp = 227.488 / L = 56.872
Average Hp/h, = 29.588 / L = 7.397

TABLE A-ITI

008 28,2%8

7,15% 59.
30.756 227.L88

PROFILE DATA FOR CAVITATION PITS ON 302-STAINLESS STEEL*

Pit Trace L Hp, hy, Lp Lp/L L/H, L/hy Hy/hpy
#2 1-10 2.25 .125 ,050 1,9 8yl 18,0 s 2.5
#i4  1-26a 6.63 ,347 .005 5.8 874 19.1 1326 69.4
#5 1= 36 h.25 .216 .025 3.4 .800 19,7 170 8.6
#11 2'-13 7.75 ,181 ,005 6,05 ,780 L2.8 1550 36.2
#12 ~=17 6.38 ,191 .03} 6.45 1.010 33,4, 188 5.6
#13 «=31 10.5 .228 .00 8.55 .8 46,1 1313 28,0
BTI%%

Average Lp/L = 5,122 / 6 = 0.853
L/Lp = 1/ 0.853 = 1.172

#All dimensions are in mils,
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TABLE A-III

DATA FOR RIDGE & CRATER VOLUMES OF 1l CAVITATION PITS
FROM PROFICORDER TRACES OF STAINLESS STEEL SAMPLE #63

Trace Planimeter® Area x1074n2

Vol. xlola%né

Pit Mean Areas
2R 8a 2R aq agr 4 VR C
#1 1l- 0 0 0 0
b 15.0 0 15,0 0
1-5 7.5 0 30.0 0
20.6 2.8 20.6 2.8
1"6 208 10,4- 1102 5.6
28.6 108.8 28.6 108.8
1-7 11,5 53.0 }46.0 212.0
39.4 111.0 39.4 1l1.0
1-8 8.2 2,5 32.8 10,0
25.0 5.0 25,0 5.0
1-9 4.3 0 17.2 0
8.6 0 8.6 0
1-10 0 0 0 0
137.2 227.6
#2 1-6 0 0 0 0
3.2 0 3.2 0
1-7 1.6 0 6.4 0
700 L|-06 7.0 )-'-06
1-8 1.9 203 706 902
40.2 115,6 L40.2 115.6
1-9 18.2 55,5 72.8 222.0
71.0 168.6 171.0 168.6
1-10 17.3 28.8 69.2 115.2
66,y 57.6 66,4 57.6
1-11 15.9 0 63.6 0
40,8 0 L4o0.8 0
1-12 4.5 0 18.0 0
9.0 0 9.0 0
1-13 0 0 0 0
237.6  3L46.L4
#3 1-21 0 0 0 0
2.2 0 2.2 0
1-22 1.1 0 b.h 0
L.8 20,6 4.8 20,6
1-23 1,3 10.3 5.2 41,2
4.8 52,6 4.8 52.6
1-2, 1.1 16.0 L.4 64,0
6.)4. SLl-oLI- 60)4' 5&0“’

#See page 71 for planimeter calibration.
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#lt

#5

1-25a
1-26a

1-21
1-22
1-23
1-2}4
1-25a
1-26a
1-27a
1-28a
1-29
1-30
1-31
1-32
1-33

1-28a
1-29
1-30
1=31
1-32
1-33
1-34
1-35

2.2
2,2
2.3
L.5
5.6
33.2
69.3
h2.3
15.5
11,3
7.8

9.1
12,4
16.8
19.4
17.1
16,8
18,0

TABLE A-III(continued)
11,2 8.4 L44.8

h.2 22,4 L,2 22,1
0 0 0
22.4 150,0
° ° h.L L.l
[ ] O [} O
0 8.8
8.8 0 8.8 0
0 8.8 0
9.0 81.6 9.0 81.6
Lo.8 9,2 163,2
13.6 238.4 13.6 238.4
78,4 18.0 313.6
20,20 743.6 20,2 743.6
293.4 22.4 1173.6
77.6 879.L 77.6 879.4
16,3 132,8 585,2
205,0 338,2 205.0 338.,2
22,8 277.2 91,2
223.2 L5.6 223,2 45.6
0 169,2 0
115,.6 0 115,6 0
0 62,0 0
53.6 0 53.6 0
0 45,2 0
38.2 0 38,2 0
0 31.2 0
15.6 0 15,6 0
0 0 0
78,8 2,326,8
0 0 0
18,2 0o 18.2 0
0 36.4 0
43.0 0 43.0 0
0 L49.6 0
58.4 0 58.4 0
0 67.2 0
T72.4 0 72.4 0
0 77.6 0
73.0 L49.8 73.0 49.8
2.9 68.L 99,6
67,8 310.,6 67.8 310.6
130.4 67.2 521.6
69.6 580.,8 69.6 580.8
160.0 72.0 60,0
110.6 B46.L 110,6  Shb.L
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#6

#7

#8

1-36
1-37
1-38
1-39
1-14,0

1-29
1-30
1-31
1-32
1-33
1-34
1-35

2-3
2=
2-5
2-6
2=7
2'-2
2'-3
2"y
2'-5
2'-6

37.3

16.5

15.5

3.1
0

2.5
1,0
1.8

0
3.5
28.5

.3
25,8

TABLE A-III(continued)

113.2 149.2 L452.8

107.6 295,8 107.6

3.7 66,0 138.8

6L.0
1,7 62.0 6.8
o 124 37.2
6.2
0 0 0
0 0 0
5.0
0 10 0
L r-0
0 .0 0
5.6
3.0 7.2 12
3.6
10.9 0 u3.6
.0
0 8.0 0
L.o
0 0 0
0 0 0
0
0.9 0 3.6
3,2
5.2 6.4 20,8
3.2
0 0 0
0
0 0 0
0 0 0
7.0
1.5 14,0 6.0
8 11, 6L,0
17.8 114.0 71.2
85.6
90.L4 57.2 361.6
80,2
252,5 103.,2 1010.0
161,2

68

72.8

3.4
0

6,0
27.8
21,8

1.8
12,2
10.4

3.0

38.6
216.4
685.8
967.8

295.8
6ly.,0 72.8
37.2 3.4
6,2 0
728,0 1,859,6
5.0 0
7.0 0
5.6 6,0
3.6 27,8
4.0  21.8
L,o 0
29,2 55.6
0 1.8
3.2 12.2
3.2 10.4
0 0
6.4 2.l
7.0 3.0
6l .0 38,6
85,6 216,44
80.2 85,8
161,2 967,8




#9

#10

#11

TABLE A-III{continued)

2'-7 54,8 231.4 219.2 925.6

2'-8 31,7 142.5 126.8
2'-9 40,0 L43.6 160.0
2'-10 31.1 0 124.L4
2'-11 13.0 0 52.0
2'-12 0 0 0
2'-9 0 0 0
2'-10 1.0 L. 4.0
2'-11 0 0 0
2'-10 o0 0 0
2'-11 6,3 15,9 25,2
2'-12 0 25,2 0
2'-13 1.0 2.0 4.0
2'-1, o0 1.8 0
2'-15 0 0 0
2'-10 o 0 0
2'-11 o 0.3 0
2'-12 8.9 39.0 35,6
2'-13 10,1 144.3 LO.L
2'-1, 10,1 148.2 Lo.lL
2'-15 7.5  10.2 30.0
2'-16 3.5 0 14.0
2'-17 0 0 0
69

570.0
17l .k
0
0

63.6
100.8
8.0
7.2

1.2
156,0
577.2
592.8

10,8

0

173.0
1434
12,2
88.2
26.0

12,6
12,6
2.0
2.0

17.8
38.0
Lo.h
35.2
22.0

7.0

747.8
372.2
87.2
0
0

8.8
8.8

31.8
82.2
k.4
7.6
3.6

0.6

78.6

366.6

585.0

316.8

20,4
0

173.0  747.8
3.y 372.2
12,2 87.2
88.2 0
26,0 0
970.8 3,118.8
2,0 8.8
2.0 8.8
4.0 17.6
12,6 31.8
12,6 82,2
2,0 Sh.L
2,0 7.6
0 3.6
29.2  179.6
0 0.6
17.8 78.6
38.0 366.6
Lo.h  585.0
35.2 316.8
22.0 20.4
7.0 0
160.4 1,368.,0



#12 2'.1 0

2'-15 7.7
358

20,2

2'-16
2'-17
2'-18
2'-19

32.2
33.7
§3.3
29.1
15.3
2'-23 2.5
2'-2, o0

1]
2'-20
2'o1
o'-22

2'-2, o
2'-25 0
2'-26 0
2'-27 0
2'-28 7.7
2'-29 27.3
2'-30 51.3
2'-31 244.6
2'-32 2,6
2'-33 11,3
2'-34 9.3
2'-35 21,2
2'-36 17.3

TABLE A-III(continued)

0
30.1
162.5
162.3
88.4
17.8

0
0
0
0
0

1.6
17.6
35,0
86.3

186.6
275.7
342.5
357.3
34k .4
349.4
318.9
282.5

0 0
30.8 120.4
650.0
6L9.2
353.6

71.2

15.2
80.8
128.8
134.8
173.2 0
116.4
61,2
10.0

o O o O

109.2 TL6.4
205,2 1102,8
98.4
98.4
45.2
37.2
8.8

6902

1370.0
1429.2
1377.6
1397.6
1275.6
1130.0

70

15.4
23.0
43.0
104.8
131.,8
154,0
14h.8
88,8
35.6
5.0

15.4
70.0
157.2
151.8
98.L
71.8
41,2
61,0
77.0
62.8

60.2 15.4 60.2
385.2 23.0 385.2
649.6 L3.0  649.6
501.4 104.8  501.l4
212.4 131.8 212.4

35.6 154.0 35.6

0 144.8 0
0 88.8 0
0 35.6 0
0 5.0 0
Th6.2 1,844 .4
3.2 0 3.2

38.4 0 38.4
105.2 0 105.2
242.6 15.4 2h2.6
545.8 70.0 545.8
9244.6 157.2  924.6

1236, 151,8 1236.4
1399.6 98.4 1399.6
1403.4 71,8 1403.4
1387.6 L1.2 1387.6
1336.6 61,0 1336.6
1202.8 77.0 1202.8
1011.0 62,8 1011.0




# 1l

TABLE A-III(continued)

2'-37 14.1 223.0 56.4 892.0 - - :
. 39.0 818,0 39.0 818.0
2 -38 5.4 186,0 21.6 T7h4L.0 - -
. 20.2 682.0 22.2 682.0
2'-39 5,7 155.,0 22.8 620.0 - /
: 20,8 5é6L.L 20.8 56L.Y
2 =40 4,7 127.,2 18.8 508.8 ' '
1 29.2 ).l.é,-l.oe 290“2 ,4-6)-'-.8
2 "Ll.l 909 10502 3906 L‘.20¢8
19.8 210.4 19.8 210,
2-6 0 0 0 0
27,2 0 27.2 0
2-7 13.6 0 Sh.h 0
63,8 0 63,8 0
2-8 18.3 0 73.2 0
77.0 0 17.0 0
2-9  20.2 o 80,8 0
65,4, 118,0 65.4 118.0
2-10 12,5 59,0 50.0 236.0 '
47.0 L401.8 L47.0 L01.8
2-11 11,0 141.9 LL4.0 567.6 45l X e \
A 394,0 . 394.0
2-12 11,7 55.1 L46.8 220.L ‘ ' '
- 36,0 11,8 36,0 114.8
2-13 603 203 2502 9&2 ‘ ’
12,6 .6 12,6 L.6
2-14 0 0 0 0 ~

374.4 1,033.2

Calibration of Planimeter

a) For all proficorder traces the scales were:

i) horizontal:

0,001 inches / division

i1) vertical:

25 microinches / d%vision
Actual area - 107

x 25 x 1070 = 2.5 x 10018 / sq.
b) Planimeter units to traverse 20 squares on proficorder

paper.
1) 7 runs: 126, 126, 125, 125, 124, 126, 125

1i) average: 877 / 7 x 20 = 6.26 units / sq.

¢) Conversion scale for planimeter,

Conversion factor = (2,5 x 10-8153/ sq.)/(6.26 units/sq.)
Conversion factor = ;.0 x 107 7inS per planimeter unit
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DETERMINATION OF v

TABLE A-1IV

AND K FOR

THE 1l CAVITATION PITS TRACED

Pit D D3 v xlO3 ' xlO3 V.=V =V

Psc No, miis miis3 m?ls3 Zils3 VR/VC mflsBC)xlolB KW%XIOB
1 #6 1.1 1,331 29,2 55.6 .525 26, 12,317
1 #9 1.1 1.331 4.0 17.6  .227 13.6 6,345
2  #7 1.35 2,461 6,4 2h.ly 262 18,0  L.542
2 #3 1.95 7.416 22,4 150,0 .149 127.6 10,684
2 #1 2.1 9,261 137.2 227.6 ,602 90.4  6.061
2 #10 2.1 9,261 29,2 179.6 .162 150.4 10.085
2 #2 2.7 19,683 237.6  346.4 .685 108.8  3.432
3 #5 L.2 74,088 728,0 1,859.6 .391 1,131.6 9,484
3 #1 4.3 79.507 784.8 2,326,8 .337 1,542,0 12,043
3 #11 4.75 107.174 160.L 1,368,0 .117 1,207.6 6.997
3 #l2 4.85 114,086 Th6,2 1,844.4 JLoO4 1,098.2 5.977
3  #l4 5.0 125,000 374.L 1,033,2 .362 658,8 3,272
L #8 6.7 300,763 970.8 3,118.8 .311 2,148.0 L.435
L #13 103 1092,727 937.6 13,576.8 _.069 12,639,2 _ 7.182
4,592 102,856

Average VR/VC = L.,592 / 1 = 0,328

Average K =(102.856 / 1) x 1073 = 7.3L6 x 10~3

#PSC means Pit
#K = 0,621 vL/DP
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TABLE A-V
PIT COUNT DATA FOR RMS & RMC CONSTANTS

pgei PIT SIZE RANGE®** NUMBER OF PITS ON POLISHED SURFACE##
UNITS MILS #UL9 #50 #63 #6lL. #61 #68 #22 #23 TOTAL

1  1-2.5 O0,46= 1,15 150 200 125 175 600 500 1,00 500 2650
2 2,5-4 1,15- 1,84 22 8 19 6 29 30 5 3 122
2 -5 1,84-2,20 2 2 L4 2 8 9 1 2 30
2 5-6 2,30-2,76 5 2 5 0 6 3 2 1 2l
3 6-7 2,76-3.,22 3 2 6 3 5 L 0 0 23
3 7-8 3,22- 3,68 2 2 2 L4 1 3 1 0 15
3 8-9 3,68- 4,14 O O L 6 2 2 1 0 15
3 9-10 L.y~ 4,60 1 O 1 L 1 1 o0 1 9
3 10-11 L4,60-5,06 1 O 5 1 3 1 o0 O 11
3 11-12 5,06-5.,52 1 1 L4 3 1 3 0 1 1
4y 12-13 5,52-5,98 1 0 1 1 2 1 0 © 6
L 13- 5.,98-6,44 1 0 2 1 0 1 1 O 6
y 14-15 6,44~ 6,90 0 O 1 2 2 0 0 0 5
4y 15-16 6,90- 7,3 0 1 0 1 0O O 0 O 2
L, 16-17 7.36-7.82 0 0 0O 1 0 0 0 0 1
y 17-18 7.82-8,28 0o 0 0 1 O O 0 O 1
4y 18-19 8,28-8,74 0 O O O O O O © 0
4 19-20 8,74-9.,20 0 0O O O O O 0 O 0
4 20-21 9,20-9,66 O O O O 1 0O 0 O 1
4 21-22 9,66-10,12 O O O O O O O O 0
y 22-23 10,12-10,58 0 O 1 0 0 O O O 0
4 23-24 10,58-12,04 O O O O O O O © 0

#PSC means Pit Size Category
#%#0ne unit corresponds to one division on the scaled
microscope eyepliece used to observe test samples,
#%%Samples L9, 50, 63, & 6l are stainless steel,
Samples 61 & 68 are carbon steel.
Samples 22 & 23 are columbium-1% zirconium,
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TABLE A-VI
EXPANDED DATA FOR RMS & RMC CONSTANTS

2 2 3 3
t 1 1
PIT SIZE n DPav DPav n‘DPav DPav nrDPav
RANGE(mils) PITS mils mils®  mils® mils> mils3
0,46~ 1,15 2650 0.805 0,6480 1717.2000 0.5216 1382,2400
1,15- 1.8 122 1.495 2.2350 272.6700 3.3413 }07.6386
1,84~ 2,30 30 2,07 L.2849 128.5470 8,8697 266,0910
2,30~ 2,76 _g% 2.53 6,,009 153,6216 16,1943 388,6632
17 ool . 8386 1062, 392

2,76= 3,22 23 2.99 8.9401 205.,6223 26,7309 614,.8107
3,22- 3,68 15 3,45 11.9025 178.5375 L1.0636 '615,95,0
3,68- L.l 15 3,91 15,2881 229.3215 59,7765 896.6L75
boly- L., 60 9 L4.37 19.0969 171.,8721 83,4535 751.0815
L4,60- 5,06 11 L.,83 23,3289 256,6179 112,6786 1239.46L46
5,06= 5,52 %% 5.29 27.9841 391,7774 148.0359 2072.5026
IH?ET?HB% 6150, 509
5.52- 5,98 6 5.75 33,0625 198,3750 190,109L 1140.656L
5.98- 6,44 6 6,21 38,56%1 231,3846 239,4831 11,36.8986
6.4i- 6,90 5 6,67 LL.4889 2224445 296,7410 1483,7050
6.,90- 7,36 2 7,13 50,8369 101,6738 362.4671 72L.93L2
7.36= 7,82 1 7,59 57.6081 57,6081 L37.2455 L37.2455
7.82- 8,28 1 8,05 64,8025 64,8025 521,6601 521,6601

8.28- 8,74 0 8,51 72,4201 0 616,2951 0

8,74~ 9.20 0 8,97 80,4609 0 721.7343 0
9,20- 9,66 1 9.%3 88,9249 88,9249 838,.5618 838,5618

9,66=10,12 0 9.89 97.8121 0 967.3617 0
10,12-10,58 1 10,35 107.1225 107,1225 1108,7179 1108.7179

10,58-11,0L4 0 10,81 116,.8561 0 1263,21 0
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TABLE A-VII

DETERMINATION OF RMS & RMC CONSTANTS

2 3

PSC¥ Ynj ¥YniD ngD S D
Lri Lnilp,,, Lny Pav, 1 DRus,

Ci  Drygy

1 2650 1717.2000 1382,2,4,00 0,6480 0,805
2 176 554.8386 1062,3928 3,1525 1,776
3 87 1433.7487 6190.4609 16,4799 L.060

0.5216 0.805
6.0363 1,821
T1.1547 L.1lh

N 23 1072,.3359 7692.3795 46.6233 6,828 334.4513 6,941

The RMS and RMC constants are defined as follows

(where 1 corresponds to the pit size categories 1,2,3,L4):

3
0y = 2(n'Dp )y / Ynmj

_ .333
DRMCi = 01

2
8y = Z(n{DPav)i / ¥ni

. 500
DRMsi = 54

#PSC means Pit Size Category.
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TABLE A-VIII

PIT COUNT DATA TO DETERMINE K¥

S
PIT SIZE pryrp SAMPLE NUMBER OF PITS ~ SIDES kg
CATEGORY NUMBER SURFACE SIDES SURFACE 1
1 Hg SS- 78 800 2300
SS-112 1,00 1600
Total 1200 3900 3.250
H,0 8S- 1400 790
Ss- 5 80 670
Total 80 1460 1,659  2.454
2 Hg SS=- 63 73 260
SS- 6l 94 330
Total 167 590 3,532
Hy,0  SS= 4 75 136
SS- 5 110 112
Total 185 2y8  1.340 2.436
3 Hg S5S- 63 31 85
SS= 6l 29 71
Total 60 156 2,600
Hy0 S8~ L 17 67
SS=- 5 18 33
Total 35 100 2,857 2.728
L Hg SS- 63 27 35
SS- 6L 26 76
Total 53 111 2,094
H,0 SS- L 10 39
SS- 5 13 gl
Total 23 0 3.4,78 2.786

kg = (2,454 + 2,436 + 2,728 + 2,786)/ 4 = 2.601

= kg+ 1= 2,601 + 1,000

K, = 3,601

100 hrs.; SS 3 & L4-150 hrs,
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